P recast concrete shear wall panels are used extensively in high rise construction. Their attractiveness and economy are mainly due to the high quality control that is achieved at the man ufacturing plant, and the ease and speed of panel assembly at the construction site.
speed of panel assembly at the construction site.
concrete construction is the method by which the panels are connected. Connections must provide adequate strength, ductility and continuity in order to insure the integrity of the structure under various loading conditions.
The typical connections currently used for elevator shaft shear wall panels One of the main concerns in precast utilize a combination of continuity bars and mechanical shear connectors. The gap between adjacent panels (required for tolerance purposes) is normally filled with a drypack concrete. To enhance the shear resistance, some fabricators have recently introduced the use of shear keys along the horizontal portion of the joint surface of the wall panel, as shown in Fig. 1 . In addition, the contin uity bar and mechanical shear connector system has been replaced by a post-tensioning scheme. The available design recommendations and code provisions are not directly applicable to this type of horizontal multiple shear key connection. J -6
RESEARCH SIGNIFICANCE
The experimental program was designed to study the various limit states behavior and the shear capacity of the multiple shear keys currently used in horizontal connections for post-tensioned elevator shaft shear wall panels.
The tests results were used to develop analytical models to predict the shear
Synopsis
Seven horizontal connections typically used in precast concrete elevator shaft shear wall panels were tested to determine the behavior and capacity of the mUltiple shear key connection. The connections included two different multiple shear key configurations and one plain surface connection.
Test results were used to develop analytical models to predict the cracking, the maximum and the ultimate shear resistances of the multiple shear key connections. The analytical models incorporated the configuration of the shear keys and the level of compressive load normal to the connection.
capacity of the horizontal multiple shear key connection at the various limit states. The predicted values of shear capacity are compared to the measured values. 
EXPERIMENTAL PROGRAM
Seven connections were tested, including two different multiple shear key configurations and one plain surface connection. The primary variables considered in this study were the configuration of the shear keys and the magnitude of the compressive load normal to the horizontal connection. The overall dimensions of each connection wall panel were similar to those used in the elevator shaft shear wall of a twenty-six story high rise building erected in Winnipeg, Manitoba.
Each test specimen consisted of two 106 identical wall panels joined by a drypack connection. For the convenience of testing, the horizontal connection was aligned vertically in the test frame, as shown in Fig. 2 . The overall length of the connection was 1020 mm (40Vs in.) The panels were fabricated by ConForce Structures Ltd" a local precast concrete company in Winnipeg. The drypack, which was compacted into the connection, consisted of two parts sand, one part nonnal portland cement (Type 10) and approximately 0.2 part water. The three types of connection configurations considered in the study are shown in Fig. 3 . Two le ve ls of compre ssive stresses, 2 and 4 MPa (290 and 580 psi), we re applied nonnal to the connection. These stresses represented the loads imposed on the connection due to the weight of the wall panels and the post-tensioning. This nonnal stress was applied using a prestressing syste m which was designed to prevent any constraints in the direction of the applied shear load. The pres tress leve l was maintained cons tant throughout the tests usin g a pressure regulator (see Fig. 4 ). The joint interfaces of two multiple shear key connections were coate d with a bond breaking agent in order to study the influence of a poss ible lac k of bond b e tween the drypack and the conc rete. Each test specimen was loaded using a Universal testing machine to apply a monotonically increasing shear load through the centerline of the connec~ tion, as shown in Fig. 2 . The two edges of the indi vidual panels or each specimen were ind epe ndently post·ten· sioned to avoid premature cracking in the panels. The complete test setup is shown in Fig. 4 .
The shear load was applied in increments of 100 kN (22.5 kips). After each load incre me nt, average strains in the concrete and the drypack were meas· ured at instrumented (demec) stations located a long the connection. At each demec station, strains were measured in three directions to determine the can· n ec tion deformation. After the maximum load was attained, the test was continued using stroke control. Each test was terminated after the connection exhibited extensive defonnation and the shear capacity was approximately constant.
The average compressive stre ngths of the concrete and the drypack were detenn ined using standard 150 x 300 mm (6 x 12 in.) concrete cylinders and 75 mm (3 in.) cubes, re spective ly. Detailed information for all the test specimens is given in Table 1 .
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TEST RESULTS AND DISCUSSION
The measured concrete compressive strength ranged between 30 and 50 MPa (4350 and 7250 psi) and dry pack compressive strength was approximately 27 MPa (3910 psi) for all the test specimens, as given in Table 1 .
The various limit states for the connections tested were the be havior prior to cracking, the maximum load, and the ultimate shear resistance at large slip. The cracking load, Vcr, was detennined as the load corresponding to the initiation of diagonal cracks in the drypack shear keys. The maximwn load, V 7ll , was the peak load reco rded durin g the test, and the ultimate shear resistance, VIP was defined as the load corresponding to a slip of 5 mm (¥16 in.) at the connection . These three limit states are illustrated on the schematic load·slip curve in Table 2 for all the test specimens.
Failure of the plain surface connection, Specimen INK4, was c haracterized by slip at the drypack-panel interface and the fonnation of a few cracks paralle l to the load applied normal to the connection, as shown in Fig. 6 . This be- 
Effect of the Shear Key Configuration
T he behavior of the large and small key connections, Spec imens lLK2 and 2SK2, unde r an applie d stress of 2 MPa
<l:
SLlP,mm (290 psi) normal to the connection, is given in Fig. 7 . The s imilarity between the curves suggests that the difference between the two shear key configurations used in this study had no effect on the behavior or ca pac ity of the connection. The same behavio r was also observed for Specimens 2LK4 and ISK4 which were tested under a stress of 4 MPa (580 psi) normal to the connec tion, as shown in the same figure, T he variat ion in the ultimate shear resistance of all the multiple shear key specimens, tested under the same load normal to the connection, was less than 15 percent.
An inspection of each connection after testing showed no evidence of bond between the drypack and the panel.
This observation is also evident by the s imilarity of the load-slip curves for the bonded and unbonded large key connections, as shown in Fig. 7 . The same behavior was observed for the bonded and unbonded small key connections, Specimens ISK4 and 3SK4B, which were tested unde r a stress of 4 M Pa (580 psi) nonnal to the connection .
Effect of Load Normal to the Connection
A comparison of the behavior of the large and small multiple shear key connection s under the two stress levels of 2 and 4 MPa (290 and 580 psi) normal to the connection is also given in Fig. 7 . The maximum shear capacity of the different shear key connections subjected to a stress of 4 MPa (580 psi) normal to the connection was 60 percent higher than that for sim ilaT specimens at the 2 MPa (290 psi) stress level.
This increase in shear capac ity is attributed to the increase in confinement, and consequently the tensile res istance of the drypack, provided by the higher stress nonnal to the connection. The ul- 
Effect of Shear Keys
The be havior of the large and small shear key co nnections subjected to a stress of 4 MPa (580 psi) normal to the connection are compared to the plain s urface connection, unde r the sam e level of stress, in Fig. 8 . As expected, the presence of shear keys in the connection greatly enhances th e shear capacity in ·comparison to the plain surface connection.
As a result of the interlockin g action of th e d rypack shear keys, the maximum shear capacity of the multiple shear key connections was approximatel y 60 percent higher than that of the plain surface co nnection. T he ultimate shea r res istance of the multip le shear ke y connection was as much as 25 pe rcent highe r than that of the plain surface connection. The smaller increase in ultimate shear resistance, in compariso n to the maximum load, is probably due to the prese nce of extensive diagonal c racks in the drypack shear keys. The ultimate shear resistance, V u , can be predicted, based on the friction coeffi cient, /L, the compressive stress normal to the connection, (Tn, and the cross-sectional a rea of the connection, .4.:, according to the ACI and CSA Codes,'" as follows: (1) Based on the test re sults, a friction coefficient of 0.62 was computed. This value is consistent with that used in the ACI Code, but higher than the value of 0 .5 recommended b y the CSA Code. The value of 0.62 is also in agree ment with the friction coefficient of 0.7 ± 0 .1 which was d e termined in a pre vious study.7
(ii) Multiple Shear Key Connection
The analytical methods deve loped in this section are sole ly for the shear design of multiple shear key connections. The presence of tensile stresses due to overturning moments cau ld b e accounted for by limiting the joint length to the compression stress block of the panel. However, in this research program it is assumed that under the effect of the various load combinations, the wall panels are post-tensioned so as to produce a net compressive stress along the length of the horizontal connection.
(A) Cracking Shear Load, V"
The proposed model for the cracking shear capacity, V cr, is dependent on the combined action of the shear friction resistance, VI> and the bearing resistance, Vb, along the sloped edge of the drypack shear keys as follows: (2) The two possible shear friction paths associated with the multiple shear key connections tested in this study are shown in Fig. 9 . The shear resistance according to the friction path described in Fig. 9(a) is based on the assumption that slip can occur alo ng all the bearing surfaces.
This shear resistance can be calculated in terms of the shear key configuration, the friction coefficient, J.L, and the stress normal to the connection, 0'"/1, as follows: The shear resistance according to the second friction path, Fig. 9(b) , is based on the assumption that slip occurs only at the drypack-panel interface in the region between the drypack shear keys. This shear resistance may be estimated as:
The bearing stress at the sloped edge of the shear keys induces a state of tensile stress in the shear keys. Thus, the bearing capacity, Vb, is ultimately controlled by the tensile strength of the drypack. The bearing component, Vb, may therefore be estimated as follows: (5) where It is the tensile strength of the dI)'pack and Acr is the total cross-sectional area of the diagonal cracks in the drypack shear keys .
The tensile strength of the drypack,j" can be calculated based on the compressive strength,!;, as: (6) The cross-sectional area of the diagonal cracks in the multiple shear key connection is calculated as:
Consequently, two possible models could be used to predict the cracking shear strength of the multiple shear key connections as follows:
Modell:
V,, = I'-CT.IA ,-ndt tan 0) + ~f,{Jr+ CT.)A" (8) Model2:
V,, = I'-CT.IA,-nht ) + ~f,(J, + CT.)A" (9) The predicted cracking loads according to these two models are compared with the measured values in Fig. 10 . This figure indicates that Model 1 provides better predictions of the cracking load. However, three of the six predictions were overestimated by 5 to 10 percent. The predictions based on Model2 provide conservative estimates of the cracking load, especially at the higher levels ofload nonna! to the connection.
MULTIPLE SHEAR KEY CONNECTIONS
Il l IIl IIII MOO EL I Ng,)) MODEL 2 Based on the observed behavior after cracking, the maximum shear load, V m. of the multiple shear key connection was mainly governed by the compressive strength of the struts between the diagonal cracks and the shear friction resistance along the sl ip surface, as illustrated in Fig.  11 . Therefore, the predicted maximum shear load, V m. can be expressed in terms of these two components as follows: (10) where V",e is the shear resistance of the strut mechanism and V ml is the shear friction resistance along the slip surface.
In this analysis, the shear wall panels are assumed to act as rigid bodies connected by n -1 struts, where n is the number of shear keys. For the three keys in Fig. l1a , the struts are shown schematicall y in Fig. lIb where £ 1 is the average maximum principal tensile strain in the drypack at crackin g.
For the multiple shear key connections tested in this study, the measured stra in, £1' varied between 0.0026 and 0.004 strain. Using the maximum measured strain value of 0.004, !c2 may be taken as 0.67 f~ for these types of connections. Thus, the shear resistance of the strut mechanism, V mc , may be estimated as:
where Ac, is the average cross-sectional area of the diagonal portion of the strut and a is the inclination of the diagonal sistance, V ml> may be evaluated as :
Therefore, the maximum shear capacity after cracking, V m, according to Eq. (10), can be estimated a" Assum ing a value 0[0.6 for th e friction coeffi c ient, the predic ted maximum shear ca pacities according to Eq. (16) are in good agreement with the measured values, as shown in Fig. 12. (C) Ultimate Shear Resistance, V u Based on the test results, the ultimate shear resistance of the multiple shear key connection mainly de pends on the 116 level of load normal to the connection, and the bearing stresse s an d shear fri ction along the slip surfaces. As disc ussed earlie r, the configuration of the shear keys cons idered in thi s inve stigation was found to have an insignificant e ffect on the shear capacity.
Using a linear regress ion anal ys is, the following model was deve loped to predict the ultimate shear resistance of the multiple shear key connections in te rm s of the bearing and shear resistan ces : dicates a lower value of 0.5 for th e friction coe ffi c ie nt in comparison with the value of 0.62 obtaine d from the test results. This is probably due to the wide ning of the c racks in the connection at the ultimate resistance stage.
The pre dicted ultimate she ar resistance, using Eq. (17), is compare d to the measure d values in Fig. 13 .
Ba se d on a stud y perform e d in France, Lacombe and Pomme re t 9 deve loped an e quation to predict the ultimate shear res istan ce of multipl e shear key connections. In appl ying this e quation in the present study, the effe ct of e xternal load perpendicular to th e connec tion w as conside re d to be equi valent to the damping force due to continuity bars across the conne ction. The res ults obtained from Lac ombe and Pommeret's equation and the proposed e quation of the current study, Eq. (17), are compare d to the test res ults in T able 3. Lacombe and Pomm e ret's e qu a tion ove restimates the ultimate shear re sistance of the test specime ns by an ave r-PCI JOURNAUMarch-ApriI1989 age of 53 perce nt The re fore, the ir e quation may not be directly applicable to horizontal connections subjecte d to exte rnal compress ive loads nonn al to the connection.
In the following, sample calculati on s for the results in Table 3 are provided. The config uration of the multiple shear key connection used in this calc ul ation is shown in Fig. 14. U. S. c ustom ary units are used in the calculations. 
CONCLUSIONS
Seven specimens, including two different multiple shear key configuration s and one plain surface connection, were tested under static shear loading conditions to investigate the various limit states behavior of multiple shear key connections. The effects of different parameters, including the key configuration and the level of load normal to the connection, were detennined.
Analytical models were developed to predict the shear capacity at the various limit states. The model predictions were compared with the test re sults. The pro· pose d models are mainly applicable where the effect of various load combinations produces a net compress ive stress along the length of the horizontal connection.
Based on the results of the st udy, the following conclusions are drawn:
1. T he presence of shear keys in the horizontal connection enhances the shear capacity in comparison to the plain surface connection.
2. The difference in the shear key configurations considered in this study had an insignificant effect on the be· havior or capacity of the connection.
3. An increase in the level of load normal to the multiple shear key connection increases the shear capacity of the connection. The percentage increase in shear capacity is, however, not equal to the percentage increase in load nonnal to the connection.
4. The cracking load may be conservatively estimated using the proposed model given in Eq. (9 ).
5. The equation based on the study perfonned in France does not appear to be directly applicable to horizontal connections subjected to external compressive loads normal to the connection.
6. The proposed models for the pre- 
